ABSTRACT This paper presents a multiple-channel ISAR system for multiple air-targets imaging by illuminating a sequence of N narrow and high-gain signal beams over a wide area. Echoes are received by M channels and synthesized into N independent sub-channels using space-time processing technique. The ISAR imaging for each sub-channel is based on the continuity pattern structure technique. Comparing to the conventional ISAR imaging methods, the proposed method can reduce the computational complexity. The numerical results obtained from simulation and experiments demonstrate that the proposed multiplechannel ISAR system has the advantage in detecting multiple air-targets over a wide area and preserving the weak scatterer points comparing to conventional ISAR system.
I. INTRODUCTION
Inverse synthetic aperture radar (ISAR) is a typical radar technique for air-target imaging, in which the resolution in range direction is determined by radar signal bandwidth, whereas the resolution in azimuth direction is determined by the coherent processing interval (CPI) [1] . Since the airtarget is usually non-cooperative, in this case, long CPI has the high order Doppler effects on the target image to be smeared. To resolve this problem, researchers have developed many methods such as time-frequency analysis method [2] , minimum-entropy method (MEM) [3] , and phase gradient autofocus (PGA) [4] . Furthermore, compressive sensing (CS) [5] - [9] as a promising technique is applied to the ISAR image algorithms for achieving high resolution. However, it is noticed that all these studies are only focusing on single airtarget.
Regarding to detect multiple air-targets in the same antenna beam, the current techniques include direct imaging method and separated imaging method. The first method processes the echo signal by different target parameters [10] . In contrast, the second method distinguishes the target from the echoes of multiple targets [11] - [13] . However, both of direct The associate editor coordinating the review of this manuscript and approving it for publication was Nagendra Prasad Pathak. and separated imaging methods are only able to detect multiple targets in small areas due to a narrow beam transmitted by ISAR. Therefore, covering a wide area with a capability of detecting multiple air-targets becomes a new research topic in ISAR. Obviously, a simple solution is to employ a small antenna or low-frequency radar. The small antenna cannot provide high signal power. In contrast, the lowfrequency radar has poor image resolution. From this point of view, researchers start to investigate multiple-input-multipleoutput (MIMO) ISAR focusing on short CPI [14] such as using ISAR while-scan mode [15] for a coastal surveillance radar to transmit radar signal and receive echoes using several passive antennas.
The high-resolution of multiple-target imaging is also an important issue in ISAR [9] , [17] - [22] , [22] . One solution is the optimization of L q (0 ≤ q ≤ 1) regularization, including basis pursuit (BP) [24] , the least absolute shrinkage [23] and selection operator [25] . The other solution is the iterative greedy algorithm, such as matching pursuit (MP) [26] .
In general, the nonzero scatterer points in the target scene are continuously located along either the range or the azimuth [22] . Therefore, sparse Bayesian probabilistic method can be used to exploit the scatterer inherent continuity pattern in the target scene to enhance ISAR imagery processing. Furthermore, estimation of a sparse signal can be done by posterior distribution, in which iterative learning methods are used to determine the parameters. Such methods include the expectation-maximization (EM) algorithm [17] , variation Bayesian inference [18] , [19] , [28] , [29] , stochastic sampling algorithm [20] , and Bayesian compressive sensing (BCS) [16] . Another recent research area of ISAR imagery is under-sampling for each range cell in the cross-range domain after pulse compression. In this case, a simplified ISAR only needs to transmit sparse probing frequencies (SPFs) to obtain high-resolution ISAR image through the convex optimization of L 1 -norm constraint [22] , [27] - [30] .
This paper presents a multiple-channel ISAR system for detecting multiple air-targets over a wide area. This is done by transmitting a sequence of N narrow and high-gain signal beams, the echoes are simultaneously received by M (M ≥ N ) channels in azimuth, and then they are synthesized into N separate ISAR sub-channels using space-time processing technique [9] , [16] .
Furthermore, ISAR imaging for each individual subchannel is based on continuity pattern structure of the target scene, which is statistically imposed using a correlated prior Bayesian probability as the sparse coefficients. Since range cell sparse coefficients become correlated with other neighboring range cells, in this case, the algorithm must reconstruct the whole target scene at a time, which increases the computation complexity. To overcome this problem, this paper presents an approximate strategy that takes into account of the measurements of neighboring range cells. The numerical results obtained from real data experiments show that the proposed method outperforms the conventional CS methods, particularly in preserving the weak target scatterer.
The rest of the paper is organized as follows. The multiplechannel ISAR system, including ISAR signal model and space-time process technique, is presented in Section 2. The algorithm for multiple scatterer points estimation using sparsity continuity pattern structure are presented in Section 3. The numerical results and discussion are presented in Section 4. Finally, conclusions are drawn in Section 5. Fig.1 shows the multiple-channel ISAR that uses the whole antenna plane to transmit N high-gain sub-pulse to range direction Y in sequence order and the whole antenna plane is divided into M receiving sub-apertures in azimuth direction X, where (M ≥ N ). As shown in Fig. 2 , the same aperture is shared by transmitting and receiving alternatively, so that this arrangement can optimize the antenna's T/R function and RF electronic design but increases the system complexity [9] . Note that the aperture size in azimuth is inversely proportional to the swath width and proportional to the transmission signal power.
II. MULTIPLE-CHANNEL ISAR OVER A WIDE AREA
For a wide coverage area, N high-gain sub-pulses are transmitted in sequence during a pulse repetition interval (PRI). The N high-gain sub-pulses can be transmitted in any order. However, for illustrative purpose, this paper considers that the sub-pulses are transmitted from the rightmost side subsequently to the leftmost side. Furthermore, the proposed multiple-channel ISAR system has the following requirements. First, the number of sub-aperture M must be larger or equal to the sub-pulse number N . Second, the transmission duration for all sub-pulses is the same, but their azimuth angles are different from each other. Third, the sub-pulse transmission delay is assumed to be equal to the sub-pulse duration in order to satisfy the system timing diagram. Note that when air-target is moving across sub-pulse, the overlap between adjacent sub-pulses can be observed.
As shown in Fig. 2 , after N sub-pulses are transmitted, the system is switched to echo signal receiving mode, in which echoes are received by M sub-apertures simultaneously. In this case, echoes from different sub-swaths are overlapped in each sub-aperture. Fortunately, the temporal overlap of the echoes from different sub-swaths can be solved using digital beam-forming technique [9] . It is easy to see that the peak transmission power is reduced and thereby the RF design is simplified. On the other hand, because of the high-gain subpulse illumination, the gain loss at the swath edge is smaller than that of conventional a single channel ISAR.
The linear frequency-modulated (LFM) radar signal at time τ can be written as [31] 
where w r (τ ) is the range envelope, f c is the carrier frequency, γ is the frequency modulation rate, and τ n is the transmit delay of the n-th sub-pulse related to the 1 st sub-pulse. It is assumed that air-targets T 1 , . . . , T n , . . . , T N are located in N sub-swaths, respectively. Note that this assumption includes one target in one sub-swath or multiple targets in one subswath. τ n is given by
where c is the propagation velocity and r 1,T n represents the range from the effective phase center (EPC) of the first receiver to target T n . In this case, signal received by the m-th sub-aperture (m = 1, . . . ,M ) is given by
where σ s,n is the reflectivity of T n , r mn is the range from the effective phase centre (EPC) of the m-th sub-swath to T n . Note that the condition of equation (3) is ignoring the beam sidelobes and assuming the additive complex white noise. Therefore, from the image geometry r mn can be approximated as
where d m is the distance between the m-th sub-swath to the 1 st sub-swath, and β n is the azimuth angle of T n . Although echo signals from different sub-swaths are overlapped in range direction at receivers, equation (4) shows that the echo signals have different azimuth angles, respectively. This can be explained as the echo signals from different subswaths are overlapped in the temporal domain, but they are different in the spatial domain. Therefore, echo signals from different swaths can be distinguished from each other by their azimuth angle differences. Furthermore, since the scattered signal of a target point may occupy multiple sampling units, the range compression is required by substituting (4) into (3), then
where p r (·) is the compressed pulse envelope. Note that the term d m cos β n are usually much smaller than the range resolution. The equation (5) can be simplified as
where
Equation (6) shows that although the echo signals from different sub-swaths are overlapped, but they can be separated by their azimuth angle difference, which are determined by d m cos β n in different sub-swaths as long as M > N .
Rewriting (6) in vector format and ignoring parameter τ ,
and [·] T is a transpose operator. Therefore, the separation of echo signals from different swaths becomes to extract the vector a that can be done by the space-time processing method [16] . For example, the extraction of n-th component from azimuth bin can be done by solving the following optimization equation as
where ω n is the weight vector, [·] H is the conjugate transpose operator, and R is the covariance given by
and E [·] denoted the static average. Hence, the optimum weight vector can be obtained by solving equation (14) and (15) , that is
Therefore, applying (16) to each channel to extract the desired component a n . Likewise, the same method can be used to extract the other signal components. On the other hand, the phase term in equation (6) caused by the transmission delay can be compensated by
Therefore, all echo signals obtained from different subswaths can be separated from each other by substituting (16) into (6) associated with phase compensation using (17) . Then, the continuity pattern structures of target scene based ISAR imaging method [17] is applied to the separated echo signals, respectively. Fig. 3 shows a flowchart of the proposed wide area multiple-channel ISAR. The processing procedure is described as follows:
Step 1: Do range compression to each channel echo and obtain signal s m,rc (τ ) using (6) and (7).
Step 2: Applying (16) and (17) to (8) to separate the echoes from different sub-swath.
Step 3: Applying the ISAR imaging method to each subswath by exploiting the inherent continuity of the scatters on the target scene to obtain enhanced target image using (19) and (20).
III. THE INHERENT CONTINUITY PATTERN STRUCTURE OF TARGET SCENE FOR ISAR SUB-CHANNEL IMAGING
After space-time processing, echo signals from different subswaths are separated into different ISAR sub-channels. Then sparse ISAR imaging method based on continuity pattern structure of the target scene is applied to sub-channels, respectively. The continuity pattern structure technique is statistically imposed using a correlated prior probability for the sparse coefficients [31] . Since the sparse coefficients of range cells in the same sub-swath are correlated to each other, so that the algorithm is required to recover the whole target scene. In order to alleviate the high computing complexity, an approximate approach is proposed by considering merely the measurements from the neighboring range cells. The discrete structure of the interest target scene is a grid of U pixels in cross-range and V pixels in range, respectively, where each scatterer is located at grid (u, v) , u ∈ {1, . . . , U } and v ∈ {1, . . . , V }. Fig. 4 shows three continuity patterns that can be observed. To incorporate the continuity pattern structure into ISAR imagery, let x u,v be the measured intensity value of scatterer (u, v), which is assumed to be nonzero with Bernoulli-Gaussian distribution, also known as a ''spike-and-slab'' prior probability to encourage sparse [27] , [28] , i.e.,
where hyper-parameter q u,v and β u,v are the prior probability and precision of x u,v being nonzero, respectively. As shown in Fig. 4 , the calculation of correlated prior probability for the precision of x u,v with its four neighbors is focused on the continuity patterns in both range and crossrange domains. In order to obtain a tractable posterior probability for β u,v in (18) referring to the continuity pattern (a) -(c) in Fig. 4 , respectively, Gamma distribution on β uv with different parameters is applied to (18) , that is
where k = 1, 2. Therefore, in Fig.4 , pattern (a) hasx 1
Likewise, Beta distribution with three parameter sets {e k , f k } k=0,1,2 is assigned for q u,v in (18), which is conjugate to Bernoulli distribution [27] . Therefore, the posterior probability for q uv with Beta distribution for different patterns can be presented as
where k ∈ {0, 1, 2} and x uv 0 is the absolute value of the nonzero components in x u,v .
Combining of posterior probability for β u,v and q uv presented by equation (19) and (20), respectively, three estimation rules based on continuity patterns as shown in Fig. 4 are described in Table 1 .
Based on the continuity pattern estimation rules presented in Table 1 , an algorithm for the estimation of x u,v based on the continuity pattern structure is proposed.
IV. PERFORMANCE EVALUATION AND DISCUSSION
The first performance evaluation focuses on verifying the effectiveness of the proposed wide area multiple-channel ISAR system using simulation. Fig. 5 shows the point scatterer models of the air-targets, in which each target has 23 scatterers. Note that the images shown in Fig. 5 are the point scatterer models for the air-targets to be implemented point-by-point in the simulation and not the ISAR images obtained from the simulation.
Algorithm 1 Estimation of Scatterer x u,v Using Continuity Rules
Input the maximum iteration value for U and V.Set the iteration counter l u = 0, l v = 0 and initial value of For illustrative purpose, the simulation of the ISAR system is set up at a location (0m, 0m). The ISAR antenna aperture is divided into two sub-apertures. The ISAR is operating at 10 GHz and transmits a sequence of linear frequency modulated (LFM) waveform pulses with bandwidth of 1.5 GHz, pulse duration 20 µs and the pulse repetition frequency (PRF) is 100 Hz. The rotated angle θ for each sub-pulse is 2.9 • . Hence, the range resolution is C/2B = 0.1 m and the cross-range resolution is λ/2θ = 0.3 m. During the transmission interval, the ISAR transmits two sub-pulses in sequence per interval with transmission delay of 20 µs. The direction angles of the two sub-pulses are 89. 78 • and 90.21 • , respectively.
In the simulation, the center position of Air-target 1 is coordinated at a location of (78.7 m, 19.5 km), which is illuminated by sub-beam 1, while the center position of Airtarget 2 is coordinated at a location (-67.50 m, 18 km), which is illuminated by sub-beam 2. The distance between the center ranges of these two air-targets is 1.5 km. The observing time is 20 µs. It means that the transmission delay of sub-pulse 2 referred to sub-pulse 1 is 20 µs. Therefore, it can be seen that their echoes reach the sub-aperture simultaneously, so that the air-target images of Target 1 and Target 2 are overlapped each other in the target scene. This can be evidenced by Fig. 6 that the ISAR image of the target scene without the space-time separation process, in which two air-targets are overlapped each other and not detectable at all.
Step 1, range compression is applied to the echo signal received by sub-aperture 1 and 2 to obtain s 1,rc (τ ) and s 2,rc (τ ) using (6) and (7), respectively. This is because of a scatterer point can occupy multiple sampling units.
Step 2, the space-time process approach is applied to separate the echo signals from sub-swath 1 and 2. This is done by applying (16) and (17) to s 1,rc (τ ) and s 2,rc (τ ). The separated echo signals are denoted asŝ 1,rc (τ ) andŝ 2,rc (τ ), respectively.
Step 3, ISAR imaging algorithm based on the continuity pattern structure of target scene is applied toŝ 1,rc (τ ) and s 2,rc (τ ) for imaging of target 1 and 2, respectively. Note that the continuity pattern structure of the target scene is statistically imposed by using a correlated prior probability for the sparse coefficients [31] . As shown in Fig. 7 , air-target 1 and 2 located in sub-channel 1 and 2 can be separated from each other using the space-time processing approach, and after that their ISAR images can be reconstructed using the continuity pattern structure based ISAR imaging approach, respectively. However, the reconstructed target images have unclear interference. The first reason is that the space-time processing algorithm used in the simulation is only for illustrative purpose, which is restricted by the minimum detecting sensitivity in both space and time. In fact, the design of spacetime processing method is another research topic involving sparse Bayesian learning based time-frequency analysis technique, which will be presented in details by another paper.
In addition, the performance evaluation for the proposed multiple-channel ISAR imagery based on the continuity pattern structure of the target scene in the range and cross-range domain is illustrated by the real ISAR data image of Yak-42 airplane. The parameters of the ''Yak-42'' airplane data set are given as follows: The number of points in the range domain is 128, the sub-pulse has a carrier frequency of 10 GHz, bandwidth 400 MHz and f r = 25 Hz. 128 pulses are received by the ISAR sub-aperture. The experimental data is generated under the conditions that the original Yak-42 data is assumed to be noiseless, and additive complex white Gaussian noise is added to make a signal to noise ratio (SNR) of 0 dB for the experimental data [22] . Fig. 8 (a) shows the reconstructed ''Yak-42'' ISAR image using Range-Doppler algorithm (RDA) [22] , which is used as the reference image for the evaluation of the proposed method based on the continuity pattern structure. In addition, Figure. 8 (b) shows the profiles of range cells 150, 151 and 152 corresponding to Fig. 8 (b) . From Fig. 8 , it can be seen that the continuity feature of the target ''Yak-42'' in both cross-range and range can be observed. For example, as shown in Fig. 8(a) , the continuity in cross-range can be clearly observed in range cell, in which two groups of nonzero scatterer points are relevant to the plane head and the plane wing, respectively. On the other hand, as shown in Fig. 8 (b) , the continuity in the range is evidenced by the neighboring range cells 150, 151, and 152, in which the scatterers tend to be nonzero or zero almost simultaneously. Likewise, the scatterer points in cross-range cell 63 and cross-range cell 136 in Fig. 8(b) also illustrate that the continuities in cross-range can be observed. Fig. 9 illustrates a comparison of recovered ''Yak-42'' ISAR images using proposed continuity structure algorithm and conventional algorithms, including cluster sensing structure (CluSS) [24] , Basis Pursuit (BP) algorithm [19] , Range-Doppler algorithm (RDA) [22] , where (a) is the recovered ISAR image and (b) is the normalized image. From  Fig. 9 , it can be observed that most of the strong scatterer points can be recovered. However, Fig. 9 also shows that the ISAR images recovered using the proposed algorithm and the CluSS have a reasonably clear background by comparing to that of using the BCS and BP. The reason is that both of the proposed algorithm and CluSS merely take into account the continuity feature of target scene in cross-range. This demonstrates the capability of the proposed algorithm in preserving the weak scatterer points.
Furthermore, Table 2 shows the calculated correlation value and image entropy value with the reference of ''Yak-42'' ISAR images in Fig. 8 . These values are the measurements able to quantitatively evaluate the quality of the ISAR images in Fig. 9 . Note that the higher correlation value provides better ability to preserve the information of the target scene. In contrast, the smaller entropy value presents better IASR image focus. From Table 2 , it can be seen that with the reference image as shown in Fig. 8 , the proposed algorithm has the highest correlation value of 0.8122 and the lowest image entropy value of 0.4237 comparing to RDA, BP and CluSS, which are conventional CS-based ISAR imaging algorithms.
V. CONCLUSION
This paper presents a multichannel ISAR system for imaging of multiple air-target over a wide area. The multiple ISAR transmits a sequence of N narrow and high-gain signal beams and the echoes are received by M channels, which are synthesized into separate ISAR images using space-time processing technique. The ISAR image processing is based on the target continuity pattern structure technique, which is statistically applied to the ISAR imagery of the target scene, including both azimuth and range domains. Comparing to the conventional CS method, including RDA, BP, and CluSS, the proposed method is able to significantly reduce the computational complexity. The reason is that the conventional CS method merely assumes that scatterer points on the target scene are sparse without considering any particular signal structure. The numerical results obtained from simulation and experiments demonstrate that the proposed multi-channel ISAR system has the advantage in detecting multiple targets over a wide area and preserving the weak scatterer points comparing to classic CS based ISAR system. 
